Competition mechanisms among adjacent plants are not well understood. Th is study compared corn growth and yield responses to water, N, and shade at 74,500 plants ha -1 (1×) with responses to water and N when planted at 149,000 plant ha -1 . Plant biomass, leaf area, chlorophyll content, refl ectance, and enzyme expression (transcriptome analysis) were measured at V-12. Grain and stover yields were measured with grain analyzed for 13 C isotopic discrimination (Δ) and N concentration. At V-12, 60% shade plants had increased chlorophyll and reduced leaf area and height compared to full sun plants. In the 2× treatment, plants had 11% less chlorophyll than 1× plants with leaf area and height similar to 60% shade plants. At harvest, plants in the 2× treatment were smaller, had increased water and N use effi ciency, and an 11% per hectare yield increase compared with the 1× unstressed treatment. Per-plant yields from 60% shade and 2× treatments were 50% less than 1× unstressed treatment. Yield reduction in shaded plants was attributed to light stress. Lower yield in the 2× treatment was attributed to a population-density induced 20% decrease in the red/near-infrared (NIR) ratio, which resulted in downregulation of C 4 carbon metabolism enzymes (phosphoenolpyruvate carboxykinase, phosphoenolpyruvate carboxylase, and pyruvate orthophosphate dikinase). Although the net impact of high plant density and shade stress on per-plant yield were similar, the stress compensation mechanisms diff ered.
C rowding-induced yield reductions can result from direct competition for available resources and/or growth alterations that infl uence plant resource requirements (Park et al., 2003) . If yield reductions are the result of direct competition for resources (Jones et al., 1997) , then it should be possible to measure competition-induced resource availability diff erences in the soil, plant, or both. However, if the second hypothesis is true then it should be possible to measure changes in growth physiology, with the net result being changes in resource use effi ciency (Aphalo et al., 1999; Rajcan et al., 2004; Horvath et al., 2006 Horvath et al., , 2007 .
Typically, competition among adjacent plants has been assessed by conducting experiments where plant densities of the same or diff erent species, or the amount of resources (light, water, and/or nutrients) are varied (Park et al., 2003) . Data collected from these studies can be used to derive many parameters. Th ese parameters include (i) calculating competitive indices, (ii) determining the competitive balance among adjacent plants, and (iii) assessing relative performance. In addition, yield data from these studies can be fi t to reciprocal yield loss or hyperbolic models to estimate (i) the yield of an isolated plant, (ii) crowding infl uence on yield, (iii) yield loss at a given plant density, and (iv) maximum and minimum yield loss within a range of densities (Cousens, 1985; Rejmanek et al., 1989; Blackshaw et al., 2002) . A major problem with many competition studies is that compensation mechanisms are diffi cult to identify (Lindquist et al., 1996 (Lindquist et al., , 1999 Cousens et al., 2003; Park et al., 2003; Deen et al., 2003; Clay et al., 2005b) . Aft er evaluating common experiments conducted at many Midwestern U.S. locations and fi nding high variability in estimates of yield loss, Lindquist et al. (1999) suggested that only when the mechanistic responses of crops to stress and competition are understood can more accurate predictions of loss and better-informed management decisions be implemented.
Plants have the ability to sense proximity of their neighbors and alter growth through responses to changes in light quality using phytochrome receptors that are sensitive to red/NIR wavelengths (Smith et al., 1990; Weinig, 2000b; Liu et al., 2009) . Phytochrome exists in inactive, red absorbing (P r ) and active, NIR absorbing (P fr ) forms. Light in open canopies has a high red (600-690 nm) to NIR (690-800 nm) ratio and this ratio favors the P fr form of phytochrome. When phytochome is in the P fr form, stem elongation and fl owering is suppressed (Whitelam and Devlin, 1997; Weinig, 2000a) .
Under crowded conditions, even before changes in energy availability can be detected, the red/NIR ratio of ambient light is altered due to chlorophyll disproportionately absorbing red light (Smith et al., 1990) . Th e refl ected light from vegetation, therefore, has a low red/NIR ratio that favors the development of the P r form of phytochrome (Kasperbauer, 1971) . Smith et al. (1990) reported greater than 80% reduction in red light within a canopy and greater than 20% reduction in red light measured 30 cm from a vegetative mustard (Sinapis alba L.) stand. Th e perception of the change in red/NIR signal in leaves and internodes triggers the shade-avoidance response that is displayed by plants developing longer and narrower leaves and longer stems (Child and Smith, 1987; Kasperbauer and Karlen, 1994) . While the ability of the plant to respond to light signaling and alter growth generally decreases with increasing growth stage and plant density (Weinig, 2000b; Nafziger, 2006; Sarlangue et al., 2007) , plants that begin growth under crowded conditions generally develop fewer roots, smaller storage organs, and have less reproductive development (Weinig, 2000b) than plants grown alone. Th us, in densely grown crops, shade avoidance can result in poor plant morphology, delayed or incomplete grain fi ll, and ultimately, low plant yields. Corn hybirds, because of breeding and selection, however, produce high yields at relatively high populations (Weinig, 2000b; Nafziger, 2006) , but the mechanisms of competition with itself and other species are unclear.
New techniques based on 13 C isotopic discrimination and transcriptome analysis might provide insights into corn competition mechanisms (Clay et al., 2001 (Clay et al., , 2003 (Clay et al., , 2005a Horvath et al., 2006 Horvath et al., , 2007 . 13 C isotopic discrimination (Δ) in C 4 plants has been described by the equation,
where a is 13 C fractionation that occurs in air (4.4‰), c i and c a are the intercellular and ambient partial pressures of CO 2 , b 3 is discrimination by RuBb carboxylase (29‰), b 4 is the discrimination of PEP carboxylase against bicarbonate (-5‰), and α is the leakage rate of CO 2 out of the bundle sheath cells (Farquhar and Lloyd, 1993) . Th is equation suggests that 13 C discrimination is a function of light, photosynthetic capacity, and resource availability. In the C 4 corn plant, water stress increases Δ, whereas N stress decreases Δ (Clay et al., 2005a; Kim et al., 2008) . Transcriptome analysis may also provide information about competition by comparing gene expression from plants grown under various conditions. Th is approach has been used to determine the regulation of corn and velvetleaf (Abutilon theophrasti Medik.) genes in response to growing in a monoculture versus in competition with another species (Horvath et al., 2006 (Horvath et al., , 2007 . Th e objective of this study was to compare the ability of two alternative hypotheses (resource competition and growth modifi cation) to explain competition among adjacent corn plants.
MATERIALS AND METHODS
Experiments were conducted at Aurora, SD (96°40´ W and 44°18´ N) in 2005 and 2006. Th e soil parent materials were loess over glacial outwash, and the soil series was a Brandt silty clay loam (fi ne-silty, mixed, superactive, frigid Calcic Hapludolls). Th e surface horizon contained 110 g sand, 580 g silt, and 310 g clay kg -1 . Total nitrogen in the 0-to 15-and 15-to 60-cm depths were 5.1 and 10.2 Mg N ha -1 , respectively. Total C in the 0-to 15-and 15-to 60-cm depths were 44.6 and 78.5 Mg C ha -1 , respectively. Th e slope at the site was between 0 and 2%. Additional information about soil at the site is available in Clay et al. (1994 Clay et al. ( , 1995 .
Each year, a split-plot design was used with two water rates (natural rainfall and natural plus supplemental) in four blocks of a randomized complete block design. Water was applied when plant available water was less than 50% (checkbook method, Werner, 1993) through an overhead sprinkler irrigation system, with water randomized by plugging appropriate nozzles. Four treatments [1× corn density (74,500 plant ha -1 ) full sun, 1× density 40% shade, 1× density 60% shade, and a 2× corn density (149,000 plants ha -1 ) full sun] at either 0 or 228 kg N ha -1 (eight total treatments) were then randomly assigned within each water rate. Shade tents, 3 by 3 m in size and placed over 4 rows in the center of designated plots, were constructed of commercially available shade cloth and mounted on extending poles that kept the cloth about 30 cm above the crop. To minimize edge eff ects with water or inadvertent shading, all subplots were 7 m wide and 8 m long with 3-m alleyways cropped to 1× corn population to separate water treatments.
Soil samples were collected in the spring and fall of 2005 and 2006 from the 0-to 75-cm depth at 15-cm increments. Soil samples were analyzed for gravimetric soil moisture and inorganic N. For inorganic N, soil samples were air-dried (35°C), ground (2 mm), extracted with 1.0 M KCl, and analyzed for ammonia and nitrate N using the phenate and Cd reduction methods, respectively (Maynard and Kalra, 1993) . In 2005, preseason inorganic N was 105 kg (NH 4 + NO 3 -N) ha -1 , of which 60% was in the nitrate form. In 2006, preseason inorganic N was 153 kg (NH 4 + NO 3 -N) ha -1 , of which 32% was in the nitrate form.
A commercially available corn hybrid with a 97 d maturity rating was planted in 76 cm rows for the 1× density or 38 cm rows for the 2× density during the fi rst week of May in 2005 and 2006. Shade was applied at the V-5 growth stage and remained until harvest.
At V12/13, plant height, from the soil to tip of the plant, was measured on four plants per plot and averaged. Chlorophyll on the most recently expanded leaf was measured using a SPAD-502 chlorophyll meter (Konica Minolta Sensing, Inc., Osaka, Japan) on 19 July 2005 and 12 July 2006 when corn was at the V-12/V-13 stage of growth. In 2005, the SPAD value for a plot was the average of 5 plants located in the center of each plot and in 2006 the value was the average of 10 plants per plot. Relative chlorophyll content was calculated by dividing each plot reading by the highest plot reading within a year. Four plants per plot were destructively sampled and leaf area measured using a leaf area meter (Li-Cor 3100 C, Li-Cor Biosciences) and averaged. Th ese plants were dried at 90°C to constant weight, dry weights were measured, and average plant dry weight calculated. In 2006, soil samples from the 0-to 15-cm depth also were collected at V12/13 to determine soil water.
Crop refl ectance was collected with a Cropscan (Cropscan, Inc., Rochester, MN) on 12 July 2006 (Chang et al., 2005) . Band width measured were the blue (440-530 nm), green (520-600 nm), red (630-690 nm), and NIR (760-900 nm). Th e blue/NIR, green/NIR, and red/NIR ratio values were determined. Photosynthetically active radiation (PAR) (400-700 nm) was measured above the crop and at soil level at the V-12 stage of corn growth using a line quantum sensor (Li-Cor Biosciences, Lincoln, NE) that measured photosynthetic photon fl ux density. Th e readings were taken at the spectral zenith on cloud-free days.
Corn grain and stover were harvested from center rows of plots for a specifi c row length at physiological maturity (black layer). Th e center two rows of the four rows covered with shade cloth were harvested. Th e number of ears harvested and plants per area were recorded so that yield and stover could be calculated on both per-plant and per-area bases. Grain and stover samples were analyzed for total N, δ 15 N, total C, and 13 C discrimination (Δ) (Farquar and Lloyd. 1993; Clay et al., 2003) . Th e Δ values were used to calculate yield losses due to N and water stress using the method outlined by Clay et al. (2003) .
Data for plant parameters including grain yield on an area and per-plant basis, stover yield, Δ, N concentration of grain and relative chlorophyll, and soil parameters of inorganic N and water at harvest were subjected to analysis of variance appropriate for a split-plot arrangement of treatments. Class values were year, block, water, N rate, and treatment. Th e model statement was parameter = year|water|Nrate|treatment; using block(year)water × block(year) in the random statement (Table 1) . Data between years were combined because there was homogeneity of variance. Means for interactions and main eff ects are presented and when P < 0.05, separated using Fisher's Protected LSD Test (Milliken and Johnson, 1992) .
Transcriptome Analysis (2006)
Leaf samples from three (60% shade and 1× and 2× populations) treatments, receiving N and irrigation water, were collected at the V-12 stage on 12 July 2006. Each sample consisted of 8 cm of the topmost fully expanded leaf from four plants that were combined into a single sample. Th e samples were frozen in liquid nitrogen and stored at -80°C until RNA extraction.
Th e frozen plant material was fi nely ground to a powder using a mortar and pestle and RNA from about 1 g of this powdered plant material was extracted using the pine tree extraction method (Chang et al., 1993) . Labeled cDNA was prepared from about 30 μg of total RNA with the use of Alexa Fluor cDNA labeling kit (Invitrogen Life Technologies, Inc.) according to manufacturer's protocols. Labeled cDNA was hybridized to the 15,680-element SAM 1.2 maize microarray chip developed by Iowa State University utilizing previously published protocols (Horvath et al., 2006) .
A rolling circle dye swap hybridization model (Churchill, 2002) was used to compare gene expression between three replicates of 60% shade, 1× population, and 2× population treatments. A total of nine two-dye hybridizations were performed. Th ree hybridizations compared the 60% shade and 1× population treatment, three compared 2× and 1× population treatments, and three hybridizations compared 2× population and 60% shade treatments. Microarray chips were hybridized and washed according to the manufacturer's protocols. Intensities based on fl uorescence for each probe were visualized and quantifi ed with a GenePix scanner (MDS Analytical Technologies) and GenePix Pro soft ware. GeneMaths XT soft ware (Applied Maths Inc.) was used to log transform (log 2) the intensity readings and normalize the arrays against each other. Probes that had hybridization intensity less than 2 times the standard deviation plus the average of the negative controls were deleted (Horvath et al., 2007) and technical replicates for each probe were averaged. GeneMaths XT soft ware was then used to identify P values based on ANOVA and individual t tests between treatments. Probes were considered diff erentially expressed if P values for any test were ≤0.05. All microarray data and collection conditions have been archived in the Gene Expression Omnibus (Series accession GSE13768) according to MIAME (Minimum Information About a Microarray Experiment) standards (Brazma et al., 2001) .
Diff erential expression data resulting from microarray analysis were validated for select genes of interest using real-time polymerase chain reaction (PCR) ( Table 2) . Th e ubiquitin conjugating enzyme and a gene of unknown origin were included as the controls (housekeeping genes) for each analysis. Complementary DNA was generated from selected RNA samples using Stratagene's Affi nityScript QPCR cDNA Synthesis Kit (Applied Biosystems, Cat. no. 600559). Manufacturer's protocols were followed, using supplied Oligo (dT) primers and 1800 ng total sample RNA for each 20 μL reaction. Reactions were incubated 30 min at 42°C. Primers were designed for select genes using IDT's Oligo Analyzer and PrimerQuest soft ware. Real-time PCR using the Stratagene Brilliant II SYBR Green QPCR Master Mix Kit (Cat. no. 600828) was performed on a Stratagene Mx3000P real-time PCR system (Applied Biosystems, Foster City, CA) using the following parameters: 10 min at 95°C, 40 cycles of 30 s at 95°C, 1 min at 50°C and 30 s at 72°C, followed by a 1-min soak at 95°C. Dissociation curves wherein data were collected continuously were then performed using a 30 s soak at 50°C and ramped up to 95°C at a rate of 0.2°C s -1 . Th reshold values were determined with MxPro v3.00 soft ware (Stratagene Corp.) and read at a threshold set point of 0.559. Samples were run in triplicate and averaged for data analysis. Th e resulting Ct values were normalized to the average of the two control genes for each sample and relative expression levels were identifi ed using the delta delta Ct method (Livak and Schmittgen, 2001) . 
RESULTS AND DISCUSSION

Climatic Conditions
Growing degree days (GDD) (base 10°C) totaled 1204 in both 2005 and 2006 growing seasons from planting to harvest. Growing degree days were about 10% above the 30-yr (1971-2000) GDD average of 1100. Growing season precipitation (March-October) in 2005 was 57.2 cm, which was slightly higher than the 30-yr normal of 52.8 cm. In 2005, total water in the rainfall + supplemental irrigation treatment was 66.7 cm, with most of the irrigation applied between July 15 and August 15. In 2006, total growing season water was 31.4 cm, which was almost 50% below the 30-yr normal. Total water in the rainfall + supplemental water treatment was 52.9 cm with irrigation starting in mid-June and supplied weekly as needed through mid-August.
Shade and Population Impacts on Growth and Yield Parameters
Even though the 2× and shade treatments had similar impacts on the amount of available photosynthetically active available light (PAR measurement, data not shown) in the canopy, it is likely that these treatments had diff erent impacts on light quality. Testing red/NIR ratio under the shade cloth indicated that the cloth had no eff ect on the incoming ratio compared with full sun, however, refl ectance values of the plants under shade were not measured. At V-12, the red/NIR ratio of the refl ected light was 20% lower (P = 0.03) above the 2× (0.04) than the 1× (0.05) canopy. Diff erences in the red/ NIR ratio have been linked to the shade-avoidance response with plants being taller with less leaf area (Kasperbauer and Karlen, 1994) .
If the shade and 2× treatments had similar mechanistic impacts on growth, then similar phenotypic responses should be observed. At V-12, leaf areas were less in the 2× (8, 470 cm 2 plant -1 ) and 60% shade (8600 cm 2 plant -1 ) treatments than the 1× (10,000 cm 2 plant -1 ) treatment. Reduced leaf area was associated with plants that were 10% shorter in both the 2× and 60% shade relative to the 1× treatment. However, the shaded plants accumulated more chlorophyll than the 1× plants whereas the 2× plants accumulated less chlorophyll than the 1× plants (Table 3) .
Th e harvest index (grain to above ground biomass ratio) of both 60% shade and 1× treatment was almost identical (55%) (data not shown). Grain yields per unit area decreased with increasing shade (11,900 kg ha -1 1× vs. 6300 kg ha -1 60% shade) (Table 3 ) and this response was attributed to light stress. Based on soil samples, the yield loss could not be attributed to less available water or N. In addition, the loss could not be alleviated if additional water was added (Table 3) . Associated with lower yields with 60% shade were (i) higher mid-season chlorophyll and soil water amounts and (ii) higher end-ofthe-season grain N concentrations and Δ values than those measured in the 1× population (Table 3) . Th e higher Δ value in shaded treatments was attributed to lower assimilation of CO 2 into sugar due to lower photon fl ux density (Wong et al., 1985) or preferential leakage of 13 CO 2 from the bundle sheath cells due to lower light energy availability slowing photosynthesis.
Grain per unit area and above ground biomass yields averaged over N and water treatment were about 11% higher in the 2× than the 1× treatment (Table 3) . Plants in the 2× treatment also had lower chlorophyll content at V-12 and, at harvest, lower Δ values and N concentration in grain than 1× plants (Table 3) . Th e yield increase per unit area in the 2× treatment was attributed to increased resource use effi ciency. For example, Δ-based yield losses due to water (YLWS) and N stress (YLNS) calculations (Clay et al., 2005a) showed that increasing the population from 1× to 2× reduced YLWS from 1120 to 612 kg grain ha -1 (P = 0.0026). Associated with this reduction in YLWS was 8% less soil water at harvest (Table 3) .
Unlike the yield per unit area, the yields per plant for the 60% shade and 2× treatments were reduced by 50% compared with the 1× treatment. However, grain N concentrations and Δ values were diff erent among these treatments (Table 3) . Th ese data indicate that diff erent mechanisms led to the per-plant grain reduction.
Transcriptome Analysis
At V-12, there were a total of 477 diff erentially expressed genes, out of ~14,000 unique probes on the microarray chip, in the 1×, 2×, and 60% shade treatments (see Supplemental Tables  1, 2 , 3, and 4). Of these genes, 338 genes were diff erentially expressed when either the 60% shade or the 2× treatment was compared with 1×.
Th irty-three genes had similar responses in the 60% shade and 2× treatment when compared with 1× treatment. Of the similarly expressed genes, an unexpected result was the Table 2 . Selected enzymes with accession number, sequence of amino acids used for forward (F) and reverse (R) transcription, and melting temperature (Tm) used for real-time PCR analysis. The ubiquitin enzymes and unknown function enzymes were used as internal controls for each run. Table 2 ). Drought response gene activation most likely would correlate with stomata closure. Stomata close if ABA content in the leaves increases from roots exposed to high (fl ooding) or low (drought) soil water conditions (Jackson and Hall, 1987; Rock, 2000) . In addition, stomata will close if a stress stops the phloem export of sugar from the leaves (Else et al., 1996) . In this study, the lower Δ value in grain would support that stomata closed in the 2× treatment (Table 3 ). Th ere were 171 genes that were expressed diff erently between the 60% shade and 2× treatments. Notable diff erences between the 60% shade and 2× treatment included a series of heat shock proteins and several key C-metabolism genes, most of which were downregulated in the 2× population treatment (Table 4 ). A similar response was observed for C-metabolism genes when corn was competing with velvetleaf (Horvath et al., 2006) , suggesting that this response in corn is common to both intraand inter-species competition. Amino acid metabolism genes were upregulated in the 60% shade treatment and either downregulated or not infl uenced by 2× treatment (Table 4 ). Amino acids are the building blocks of proteins, vitamins, enzymes, and chloroplasts. Th e higher chlorophyll content in the shade treatment may be related to the upregulation of amino acid metabolism genes (Table 3) .
To confi rm that C-metabolism genes were diff erentially expressed among treatments, real-time PCR analysis was conducted on four C-metabolism genes, DV490568 (PEPCK), CB886182 (PEPC), DV943173 (PPDK1), and DV493144 (PPDK2) (Fig. 1) . Th e microarray and PCR analyses had similar responses and confi rmed that these four genes were downregulated in the 2× compared to the 60% shade treatment (Fig. 1) . uence of water, N rate, and treatment [1× (corn population = 74,500 plants ha -1 ) 0% shade; 1× 40% shade; 1× 60%  shade; and 2× (149,000 plants ha -1 ) 0% shade] on yield, 13 C discrimination, and N concentration of grain, stover biomass amounts, relative chlorophyll and soil water content at V-12 stage of corn growth, and inorganic N and water content of soil at harvest. All data except water content at V-12 is averaged over years. On a per-plant basis, the 2× and 60% shade treatments had grain yields that were 50-60% of the yield of the 1× plants (Table 2) . Th e similarity of these yield values might lead to the conclusion that similar responses to shade and crowding (2×) stress occurred in both treatments. However, results from chlorophyll, 13 C isotope, and transcriptome analyses indicated that shade and crowding had diff erent impacts on these parameters (Tables 3 and 4; Supplemental Tables 1-4 ).
In the 2× treatment, both chlorophyll and Δ were decreased relative to 1×, whereas in the 60% shade, Δ and chlorophyll increased. Diff erences in chlorophyll and grain N concentrations were not attributed to increased N stress for several reasons including: (i) inorganic N levels at harvest were similar in the 1× and 2× treatments (Table 3 ) and (ii) Δ-calculated YLNS was less (P = 0.088) in the 2× (1238 kg grain ha -1 ) than 1× (1629 kg N ha -1 ) treatment. Table 4 . The average relative expression of selected differentially-expressed probes (genes) in the 60% shade, and two population treatments (74,500 and 149,000 plants ha -1 ). Gene identities were found by submitting the probe accession number into the Microarray Data Interface (MADI) database to get the gene sequence followed by a Basic Local Alignment Search Tool (BLAST) † query of the sequence. A complete listing of differentially expressed genes and P values can be found in supplemental Tables 1, 2, 3, and 4. The general functions were amino acid metabolism (AAM), carbon metabolism (CM), drought stress (DS), light response (LR), and protein stability (PS). Relative expression levels for the designated treatments are indicated in log base 2. Samples were collected at V-12 in 2006. Fig. 1. A comparison of Th e CO 2 fi xation pathway for a C 4 plant highlighting the C-metabolism genes that were diff erentially expressed between the 60% shade and 2× population treatments (Fig. 2) was prepared to better understand the relationship among the C-metabolism enzymes and how this may infl uence isotopic discrimination (Δ) and overall plant growth. Briefl y, CO 2 fi xation starts in the mesophyll cells with the enzyme PEPC utilizing bicarbonate (HCO 3 -) to catalyze the carboxylation of phosphoenolpyruvate (PEP) to form oxaloacetate. If the stomata are open, this carboxylation reaction results in oxaloacetate that is relatively enriched in 13 C whereas if the stomata are closed, this product will be depleted in 13 C. Oxaloacetate is then converted to malate that is transported to the bundle sheath cells, where PEPCK catalyzes the conversion of malate to pyruvate plus CO 2 , with the CO 2 fi xed in sugars by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Because Rubisco discriminates against 13 CO 2 , the preferential leakage of 13 CO 2 may occur if PEPCK and Rubisco are not tightly linked, as predicted in Eq. [1] by the α value (Farquhar and Lloyd, 1993) . Th e net result would be a higher Δ value in the fi xed carbon, which was observed in the 60% shade treatment (Table 3) . Continuing through the cycle, the PEP molecule is regenerated from pyruvate with PPDK enzyme and ATP and PEP recycled back to the mesophyll. Th e fi xed carbohydrate products of photosynthesis are distributed throughout the plant (Fig. 2) . Downregulation of the C-metabolism genes, PEPC, PEPCK, and PPDK, in the 2× treatment may indicate an adaptive compensation for a lower red/NIR ratio of light under crowded conditions expressed as less chlorophyll, lower yield per plant, but an unchanged Δ value compared to 1× treatment.
Probe
SUMMARY AND CONCLUSIONS
Th is study assessed two diff erent mechanisms (direct competition for resources and growth alteration) responsible for competition-induced per-plant yield reductions. Even though the per-plant grain yields and leaf areas were similar in the 60% shade and 2× treatments, the treatments had diff erent impacts on 13 C isotopic discrimination, chlorophyll content, and the expression of key enzymes (PEPCK, PEPC, and PPPDK) involved in C 4 carbon metabolism. Changes in gene expression between plants in 1× and 2× populations may have been aff ected by the 20% reduction in the red/NIR ratio that was measured at V-12. Th e net eff ect of crowding in the 2× population compared with the 1× population was a 10% increase in the grain yield per unit area. Higher yields per unit area in the 2× treatment were attributed to increased resource use effi ciency.
Diff erent plants may have diff erent responses to crowding and competition. For example, in companion studies, Horvath et al. (2007) reported that velvetleaf upregulated its photosynthetic capacity in response to competition compared to the downregulation observed in corn in this study and when competing with velevetleaf (Horvath et al., 2006) . Th ese results suggest that competition models may be species-specifi c and could be improved by considering changes in: (i) enzyme regulation; and (ii) behavior modifi cation, with concomitant changes in plant growth characteristics, resource requirements, and use effi ciencies. 
